The generation of a specific cell shape requires differential growth, whereby specific regions of the cell expand more relative to others. The Arabidopsis crooked mutant exhibits aberrant cell shapes that develop because of mis-directed expansion, especially during a rapid growth phase. GFPaided visualization of the F-actin cytoskeleton and the behavior of subcellular organelles in different cell-types in crooked and wild-type Arabidopsis revealed that localized expansion is promoted in cellular regions with fine F-actin arrays but is restricted in areas that maintain dense Factin. This suggested that a spatiotemporal distinction between fine versus dense F-actin in a growing cell could determine the final shape of the cell. CROOKED was molecularly identified as the plant homolog of ARPC5, the smallest sub-unit of the ARP2/3 complex that in other organisms is renowned for its role in creating dendritic arrays of fine F-actin. Rescue of crooked phenotype by the human ortholog provides the first molecular evidence for the presence and functional conservation of the complex in higher plants. Our cell-biological and molecular characterization of CROOKED suggests a general actinbased mechanism for regulating differential growth and generating cell shape diversity.
INTRODUCTION
Differential growth determines the final shape of a cell. In plants, although the multi-step process of general growth involving the spatiotemporal targeted exocytosis of vesicles to the cell exterior has been well dissected (Hawes et al., 1999) , the specific intracellular conditions required for differential growth are not well defined. It is known that the actin cytoskeleton is intimately involved during growth-site selection, the subsequent mobilization of the endo-membranesecretory system as well as in the final step of delivering exocytic vesicles to the selected site Qualmann et al., 2000) . Consistent with these roles a general interference with the polymerization of globular (G) actin into its filamentous (F) actin form during plant development leads to near cessation of intracellular motility and results in short, unexpanded and frequently deformed cells (Baluska et al., 2001; . What is not known is how certain regions of the cell are excluded from the general growth process while others carry out localized growth.
Two recent studies have suggested that only certain actin configurations might be favorable for triggering local growth. It was observed in tip-growing root hairs that unstable (very dynamic) actin is essential for localized expansion (Ketelaar et al., 2003) and that cell-surface expansion caused by overexpression of the general actin-cytoskeleton regulator ROP (a plant Rho-like-GTPase) correlates with an overall increase in fine filamentous (F-) actin (Fu et al., 2002) . If only fine Factin is conducive for local growth, would a denser F-actin configuration hinder growth? Furthermore, what is the molecular identity of the factor responsible for the creation of fine F-actin?
We have approached these questions through the cellbiological and molecular analysis of crooked, an Arabidopsis mutant belonging to the distorted class, that characteristically exhibits expansion-related defects of short, irregularly shaped trichome cells (Hülskamp et al., 1994) . Actin inhibitors phenocopy the dis mutants and the F-actin cytoskeleton in mutant trichomes is usually aberrant (Mathur et al., 1999; Szymanski et al., 1999) . We show that the development of aberrant shapes in different cell types in crooked is linked to the progressive accumulation of dense actin in atypical intracellular locations. Furthermore, actin organization and localized expansion in crooked cells correlates with the behavior and distribution of subcellular organelles and expansion is promoted only in those cellular regions that possess fine F-actin, whereas it is severely restricted in areas with dense F-actin accumulations. Subsequent molecular identification of CROOKED showed it to be the plant ortholog of ARPC5 (Cooper et al., 2001) , the smallest subunit of a conserved actin polymerization enhancer, the ARP2/3 complex, that in other organisms is required for creating finemolecular characterization of CROOKED, and the comparative data from wild-type Arabidopsis suggest that the local density of F-actin can either permit or limit exocytic vesicles from reaching the plasma membrane for their final assimilation step that is required for localized expansion and differential growth.
MATERIALS AND METHODS

Plant materials and growth conditions
The crooked mutant is in the Landsberg erecta background (wild type) and was isolated in an EMS mutagenesis screen (Hülskamp et al., 1994) . Different transgenes, p35S-GFP-mTalin (Kost et al., 1998) , p35S-ERD2-GFP (Boevink et al., 1998) and p35S-YFP-peroxisome , were introduced into the wild-type and crooked plants by genetic crossing or Agrobacterium tumefaciens (strain GV3101) mediated floral dip transformation (Clough and Bent, 1998) . T1 plants were screened on MS medium (Murashige and Skoog, 1962) selection plates containing 25 µg/ml Hygromycin B. Phenotypic and cell-biological characterization were carried out on both in vitro (MS salts, 3% sucrose, 1% Phytagar; 23°C, 16 hours daylight/8 hours dark) and soil grown plants (ambient light/dark conditions). Experiments challenging cell growth were carried out by germinating wild-type and mutant seeds in the dark (23°C) for 7-10 days before opening the plates for phenotype characterization. Root hair cells were challenged to elongate by tilting plates ~20°from the vertical such that roots and hair cells projected out into an airy environment before reaching the agar medium.
Transient expression of DNA in seedlings
The identification of a positive BAC clone capable of rescuing the crooked phenotype, as well as initial testing of the different cDNA/genomic and GFP-linked constructs, was carried out through transient expression assays. Seeds were sown in the center of plates containing MS medium and used when the seedlings were 7-9 days old (first leaf primordia just visible). The DNA (cDNA/genomic, BAC) being tested was mixed with GFP-mTalin in a 1:1 ratio (ca. 500 ng DNA/µl), precipitated around 1 µm diameter gold particles (BioRad, Hercules, CA) following the manufacturer's directions, loaded onto carrier membranes and shot into the plants at 1100 psi Helium pressure under a vacuum of 25 inches of Hg, using a PDS-1000/Helium driven Biolistic delivery apparatus (BioRad). Plants were screened for green fluorescence under FITC filter illumination after 16 hours and the development of trichome/other cells expressing the shot-DNA followed for up to 48 hours. The addition of GFPmTalin ensured visualization of the shot cell and was not required when other fluorescent fusion constructs such as p35 S-YFP-mTalin and p35S-ERD2-GFP were used.
Microscopy and image processing
Agarose impressions of epidermal surfaces were prepared as described (Mathur and Koncz, 1997) . Light and fluorescence microscopy was carried out on a LEICA-DMRE microscope equipped with a high resolution KY-F70 3-CCD JVC camera and a frame grabbing DISKUS software (DISKUS, Technisches Büro, Königswinter). Lime lapse movies were created using DISKUS software or the Leica CLSM software and later processed using the Quick Time 5.0 movie software. Velocity measurements for cytoplasmic streaming, peroxisomes and Golgi bodies were taken as described earlier ) on a minimum of 25 trichomes and root-hair cells each. For confocal laser scanning microscopy plants were grown as described (Mathur et al., 1999) . The descriptions provided here were obtained on 25 (each observation) randomly selected wild-type and transgenic plants. A spectrophotometric CLSM (Leica TCS-SP2) was used for visualizing EGFP, and discriminating between EYFP/EGFP using the settings as described . Images were sized, processed for brightness/contrast and CMYK alterations using the Adobe Photoshop 6.0 software.
Molecular techniques
The crooked gene was isolated following a candidate gene approach based on its map position (chromosome 4) and a cell biological characterization. The putative actin polymerization factor was identified (At4g01710 from contig t15b16) in the MIPS Arabidopsis database (http://mips.gsf.de/cgi-bin/proj/thal/). Attempts to isolate the crooked cDNA were based on the annotated sequence available for gene (At4g01710; MIPS). After the web publication of a full-length cDNA for At4g01710 gene (RAFL06-77-B13; Resource no. pda03657; NCBI Accession Number AY052191; http://pfgweb.gsc.riken.go.jp/ index.html), a primer set (JM364R GGAATGATGGATCAAACGGT-GTTGATGGTATCAGTAAG and JM365F GAGAGAAAGATCGA-ATCGAAGAATGGCAGAATT) was designed to provide a 515 bp clone from a cDNA library DNA generated from 25-day-old, soil grown plants of Arabidopsis thaliana (ecotype Landsberg erecta) using standard procedure (Sambrook and Russel, 2001 ). The transcriptional start site for At4g01710 was determined by RNA ligase-mediated rapid amplification of 5′ cDNA ends (RLM-RACE) carried out using the Gene Racer kit (Cat. No. L1500-01; Invitrogen) according to the manufacturer's instructions. The genomic clone (ATG to TGA) of At4g01710 was PCR-amplified from genomic DNA extracted from wild-type and mutant plants (PCR primers: JM 64F GTACTCAGGATCCTCGGCTTATGTCTCCGG and JM65R ATAC-ATAAGAGGGAGCTCAATGATGGATCA). Details of other primers and PCR conditions are available on request. The genomic and cDNA fragments were sub-cloned into a pGEM-T-easy vector (Promega), sequenced on an ABI-prism sequencer and finally cloned into a pCAMBIA 1300 binary vector (accession number AF234296) under the control of a cauliflower mosaic virus promoter (CaMV p35S), or a trichome specific GLABRA2 promoter (Szymanski et al., 1998) for plant transformation. DNA and protein sequence homology searches were carried out using the respective BLAST programs (Altschul et al., 1997) . Amino acid alignments were carried out using the Clustal-W multiple sequence alignment algorithm (http://www.ch.embnet.org/).
RESULTS
CROOKED is specifically required during rapid cell expansion
The crooked mutant displays random expansion in many polarized cell types during rapid growth (Fig. 1) . During trichome development, distortions accrue during the rapid expansion phase that follows the initiation of branch points. As a result, the highly co-aligned orientation of branches with respect to the main leaf axis becomes randomized. Trichomes in crooked are short (150-350 µm compared to 400-500 µm tall in wild type Fig. 1A ) with the branches remaining as stumpy, unextended spikes (Fig. 1B) . Polarized expansion of hypocotyl (cell length wild type 250±50 µm; mutant 130±45 µm) is reduced by a factor of 1.5-2.7 (Fig. 1C,D) . Stomatal complexes that are typically found in wild type are often missing in the crooked mutant (Fig. 1E,F) . Cells of expanding cotyledons are smaller (wild type 500±65 µm; mutant 170±60 µm along the longest axis; n=100) and frequently devoid of lobes (Fig.  1G,H) , which are believed to result from localized cell expansion during epidermal cell differentiation (Frank and Smith, 2002) . The defects become even more pronounced when cells are challenged to expand faster. Under low-light conditions, hypocotyl elongation is greatly reduced in crooked (total length; wild type: 2.8±0.7 cm; crooked: 1.3±0.6 cm; n=25). The hypocotyl surface is scruffy, resulting from cells becoming unlinked from each other, primarily along the longitudinal growth axis, and consequently curling out of the epidermal plane (Fig. 1I,J) . Similarly, root hairs challenged into rapid growth by tilting the plates downwards (20°from the vertical) remain either short and stunted (wild type 500-960 µm; crooked 180-250 µm long; n=150) or elongate up to 600 µm but exhibit varying degrees of waviness (Fig. 1K,L) . Contrary to the wild-type situation, nearly 13% (n=100) of the observed trichoblast cells in crooked develop additional tipgrowing regions to produce more than one root hair from the same cell (Fig. 1M) .
On the basis of the above observations we concluded that the CROOKED gene product is required during rapid cell expansion. As the actin cytoskeleton is known to be essential for cell expansion (Baluska et al., 2001; , we compared the F-actin organization in wild-type cells with that in crooked cells.
F-actin configuration is aberrant in crooked and mislocalizes areas of differential expansion
F-actin was visualized in living cells using plants expressing the GFP-mTalin transgene that has been shown to specifically bind to filamentous-actin with a high affinity (McKann and Craig, 1997; Kost et al., 2000) . However, during the early stages of development, both wild-type and crooked trichomes displayed a general green fluorescence where it was not possible to discriminate between fine and dense actin (data not shown). Our observations on the actin cytoskeleton started soon after the formation of branch initials when the trichome cell enters a rapid expansion phase (Szymanski et al., 1999) . In wild-type trichomes, the cortical regions were enmeshed in very fine F-actin, whereas dense F-actin accumulation was observed only in small domains at the branch tips, in the region of branch-bifurcation ( Fig. 2A) , and as a few adherent actin patches in elongating branches. With further expansion, the cortical fine actin filaments became relatively diffuse and difficult to resolve, actin patches on the sides of branches disappeared and well-defined F-actin cables became prominent ( Fig. 2A) . A wild-type trichome cell with fully extended branches thus displayed prominent longitudinally aligned subcortical F-actin cables, connecting together in the dense actin patches that are maintained at branch tips and branch junctions (Fig. 2B ). F-actin organization in crooked trichomes started essentially in a manner similar to the wild type, with fine cortical F-actin and dense actin configurations at the tips and junction and sides of branches ( Fig. 2A) . However, in contrast to the wild type, actin patches did not disappear with progressing age of the cell but instead became more prominent through increased actin accumulation (Fig. 2C ). In addition, instead of developing into the extended actin cables typical to the wild type, the F-actin in crooked (Fig. 2C-E) became organized into numerous, thick, transversely linked actin bundles and produced a characteristic, wide-polygonal meshwork (Fig. 2D,F) . Dense actin bundling in many crooked trichomes did not extend throughout the cell and left random pockets where fine cortical F-actin could still be observed. Though crooked trichomes never displayed the diffuse cortical F-actin state shown by wild-type trichomes, regions containing the relatively fine cortical actin expanded more when compared with areas filled with dense actin. Trichomes in crooked trichomes consequently showed randomly localized regions of expansion (with fine F-actin) and non-expansion (with bundled F-actin).
The lobed, jigsaw puzzle-shaped epidermal cells in expanding wild-type cotyledons displayed fine cortical F-actin and thick sub-cortical F-actin cables connected to points at lobe sinuses (Fig. 2G) . Smaller actin bundles frequently linked the two expanding sides of a lobe. By contrast, 45±12% (n=100) of the cotyledon epidermal cells in crooked were malformed and did not develop lobes (Fig. 2H ), These cells in general had more actin bundles when compared with the wild type ( Fig.  2H-J) and, depending upon the density of F-actin, could either be very small, abnormally elongated along one axis or slightly expanded and irregularly lobed. In mutant cells where lobe formation did take place, both the cortical and subcortical Factin organization were similar to the wild type. Hypocotyl cells in wild type exhibited a fine, cortical F-actin mesh and longitudinally stretching subcortical cables connecting the relatively actin-rich cell ends (Fig. 3A) . In crooked, in 67±13% (n=150) of cells, F-actin strands clumped together into thick transversely connected bundles (Fig. 3B) . When challenged into rapid growth, wild-type hypocotyl cells elongated and maintained their fine, predominantly longitudinal oriented, Factin meshwork (Fig. 3C ) whereas crooked cells responded by developing increased actin bundling (Fig. 3D) . Actin bundling in mutant cells extended either throughout the cell and coincided with a short cell size or was limited to small regions at the cell ends. Unequal expansion subsequently produced small bulges at such cell ends (Fig. 3E-G) . Nearly 65±8% (n=430) of mutant hypocotyl cells thus curled upwards, tearing considerable gaps in the epidermal layer (Fig. 3F,G) . In these cells, actin bundling always preceded the actual cell separation. In addition, root hairs, which are known to extend exclusively by tip growth (Geitmann and Emons, 2000) , in crooked exhibited a strict correlation of fine F-actin with growing and J. Mathur and others bundled F-actin with non-growing regions. Short crooked root hairs (maximum width/length ratio=1:30 compared with the nearly uniform 1:70 ratio in wild type Fig. 3H -K) displayed actin bundling up to the very tip that in the wild type would normally contain only fine F-actin. Root hairs with varying diameter along their length (range 9-20 µm) and a wavy appearance displayed patches of bundled actin at regions of constriction alternating with expanded regions containing fineactin (arrows Fig. 3I,J) . Some extending root hairs initiated fresh tips (Fig. 3L ) after the accumulation of dense actin at the original tip region (Fig. 3M) .
A comparison of the F-actin organization between wild type and crooked thus revealed bundled actin to be strictly localized to non-expanding regions, while expanding regions always possessed fine F-actin. The finding that the CROOKED gene product appeared to be essential for creating/maintaining a fine F-actin organization raised the question of how the loose versus dense actin configurations affected intracellular organization and regional transport processes, the coordination of which is essential for growth.
We focused our analysis on visualizing the general cytoplasmic streaming and the endo-membrane system, the mobility of which is known to depend on the actin cytoskeleton (Williamson, 1993; Boevink et al., 1998) .
Cytoplasmic organization and behavior of Golgi bodies exhibits regional differences in crooked
The correlation of expanding regions with fine F-actin and non-expanding regions with dense F-actin in crooked cells suggested that during their development the dynamics and distribution of organelles might also be affected in a regionspecific manner. In general, wild-type trichomes displayed a longitudinally oriented cytoplasmic organization with transversely linked cytoplasmic strands occurring mainly in the stalk region and spanning the large central vacuole. The cytoplasmic streaming in wild-type trichomes occurred at an average velocity of 0.8±0.3 µm/second. In crooked trichomes, the cytoplasmic organization in expanded regions was similar to the wild type though the velocity of cytoplasmic streaming was reduced to 0.6±0.3 µm/second (n=25). However, cytoplasmic strands became thick and transversely linked in non-expanded areas of crooked trichomes whereas cytoplasmic streaming became reduced to 0.3-0.5 µm/second in these areas. This was independently confirmed by analyzing the saltatory movement of peroxisomes, known to occur along F-actin tracks . In well-expanded regions of crooked trichomes, peroxisome motility was found to be comparable with that of the wild type (average velocity 0.9±0.2 µm/second; n=25) but was reduced by up to 15-fold in unexpanded areas. Taken together, these data indicate that actin-dependent organelle movement was moderately impaired but not blocked in expanding regions with fine F-actin, whereas organelles were trapped into near immobility in areas with dense actin.
We focused our further analysis on Golgi bodies, which are known to track along F-actin strands (Boevink et al., 1998; Nebenführ et al., 1999) and are suggested to have a direct bearing on localized growth through its processing and release of exocytosis-competent vesicles (Miller et al., 1999) . The stably expressed ERD2-GFP marker (Boevink et al., 1998 ) that we used, predominantly labeled the Golgi stacks in actively growing Arabidopsis cells (Fig. 4) . In wild-type trichomes, 0.6-1.0 µm oblong to spherical Golgi bodies were found regularly distributed and moved with velocities ranging from 0.2 to 1.8 µm/seconds (n=150). As described for other plant cells (Boevink et al., 1998; Nebenführ et al., 1999) , both short oscillatory movements, as well as long-range saltations are observed. Areas with major accumulation of Golgi bodies were not observed in growing wild-type trichomes, although Golgi bodies did exhibit a tendency to slow down within the narrow confines of extending branches (Fig. 4A) . By contrast, both the number and size of Golgi bodies was found to be increased by two-to fivefold in crooked trichomes (Fig. 4A,B) with certain regions showing accumulations of up to 15 individual, 1-3 µm long, Golgi bodies (Fig. 4B,C) . Paradoxically, despite the regional increase in the Golgi bodies, these regions corresponded to non-expanded areas of crooked trichomes, suggesting that the release and transport of Golgi-processed vesicles might be affected. Transient co-expression of YFPmTalin (labeled F-actin) and ERD2-GFP markers followed by their confocal spectral separation allowed simultaneous visualization of actin and Golgi bodies in developing crooked trichome cells and confirmed the accumulation of Golgi bodies within pockets of dense F-actin (Fig. 4D) . More region-specific behavioral differences also became apparent; Golgi bodies in expanded regions of crooked trichomes moved singly or in pairs in a manner similar to the wild type, whereas those trapped in dense F-actin-filled non-expanded regions performed very short 1-3 µm oscillations. We assumed that fine F-actin had to be present in a cellular region for Golgiprocessed vesicles to be released efficiently for their assimilation leading to local expansion.
CROOKED encodes the smallest subunit of an actin nucleating complex
The CROOKED gene was mapped to the chromosome 4 (B. Schwab, PhD Thesis, University of Tübingen, 2001) . Based on our cell-biological characterization, candidate genes were cloned and tested for their ability to rescue the mutant crooked phenotype in transient assays. One gene At4g01710, annotated as a putative actin polymerization factor (APF; MIPS Arabidopsis data-base) rescued the mutant trichome phenotype completely. That this single copy gene represented CROOKED was confirmed by rescuing mutant plants with the corresponding genomic fragment containing 900 bp of the 5′ and 95 bp of the 3′ untranslated region. The exon-intron structure (Fig. 5A ) and the transcription start site were determined by comparing the genomic DNA with RT-PCRamplified cDNA fragments and RLM-RACE PCR, respectively. The crooked1-1 allele used contained a single point mutation at position 1040 at the splice donor site of the second exon that leads to premature splicing, a 35 bp deletion in exon 2 (Fig.  5B,C) , and a frame shift resulting in a stop codon 129 bp downstream of the start codon (Fig. 5D) . CROOKED expression was found in all organs analyzed through RT-PCR (Fig. 5E) . The predicted CROOKED protein showed sequence similarity to ARPC5, the smallest 16 kDa subunit of the ARP2/3 complex known from other organisms (Welch et al., 1997) (Fig.  5F ). The amino acid sequence identity ranged from 32% for humans to 23% for budding yeast (Fig. 5F ).We tested the functional conservation of the subunit by expressing the human ARPC5 ortholog (Welch et al., 1997) under the control of a trichome specific GLABRA2 promoter (Szymanski et al., 1998) in mutant plants. The crooked trichome phenotype was completely rescued to wild-type morphology with both the human and Arabidopsis cDNA in these experiments, indicating that the ARPC5 subunit is functionally conserved between humans and plants. As the highest area of homology displayed by the predicted CROOKED protein to other orthologs (Fig. 5F ) occurs in the 3′ region, the mutant would contain only the first 44 amino acids of the native protein (Fig. 5D ) and lack most of the relatively conserved region.
DISCUSSION
CROOKED is required for localized alterations in Factin configuration required for differential growth
The final step in the general process of growth requires vesicles carrying plasma membrane and cell wall reinforcing materials J. Mathur and others Covisualization of F-actin bundles using YFP-mTalin fusion protein (green) and Golgi-bodies using ERD2-GFP label (red) in a crooked trichome shows that multiple Golgi bodies (such as those seen in C) are trapped in regions of dense actin (white arrowheads), whereas more loosely distributed, free Golgi bodies occur in expanded areas (green arrowheads).
to reach and deposit their cargo at target sites for assimilation (Foissner et al., 1996; Hawes et al., 1999; Miller et al., 1999) . The generation of a specific cell shape, however, requires differential growth activity, whereby a specific region of the cell expands more than the others. This expanding region plausibly recruits more exocytic vesicles. Factors that create regional conditions for efficient release of vesicles therefore determine the final shape of a cell. The drug-based study of Ketelaar et al. (Ketelaar et al., 2003) has clearly demonstrated that a localized occurrence of fine F-actin is conducive for vesicle release and promotes local expansion. Our cellbiological characterization of crooked has taken this inference a step further by analyzing expansion and the F-actin cytoskeleton in diverse cell types to provide a global analysis of the role of fine F-actin configurations in allowing localized cell expansion. In addition, the GFP-aided visualization of Factin organization in crooked revealed abnormal regional accumulations of F-actin. As these actin-filled areas did not expand well this observation highlighted yet another facet of actin organization where, in contrast to fine F-actin, dense actin could restrict local growth. The growth aberrations occurred specifically during rapid cell-growth and besides indicating a requirement for the CROOKED gene product during rapid growth also implied that a transition from dense actin to loose actin is essential for proper expansion to take place. The observation that small regions in crooked cells that managed to expand always displayed relatively fine-F-actin arrays lent support to this conjecture.
Taking these observations together a general picture emerged wherein the differential localization of loose versus dense F-actin could determine the localities where vesicles could be released or retained to promote or restrict expansion. This was tested by predicting intracellular locations in wild type cells where the placement/maintenance of dense actin could direct the way in which a cell could expand (sketches, Fig. 6 ). Subsequent observations on wild-type cells conformed totally to the predictions (Fig. 6A-D) . Our findings are consistent with observations in animal cells (Muallem et al., 1995; Miyake et al., 2001) , where a dense actin configuration has been suggested to act as a barrier and hinder the access of vesicles to their target sites. Further support for this F-actindensity-based mechanism has come from our molecular identification of CROOKED that implicates an actin polymerization modulating complex hitherto unknown in plants as a pivotal player in the cellular machinery required for creating differential growth conditions. CROOKED implicates the ARP2/3 complex in actin configurational changes required for localized expansion CROOKED was found to encode the plant homolog of ARPC5, the smallest subunit of the ARP2/3 complex known from diverse organisms (Machesky et al., 1997; Welch, 1999) . A rescue of the mutant phenotype by the human ortholog (Welch et al., 1997) provided strong evidence both for the occurrence and functional conservation of the complex in higher plants. This seven-subunit complex is a highly conserved modulator of actin polymerization (Mullins et al., 1998a; Welch, 1999) . Studies in other organisms have shown that it is recruited to sites of dynamic actin assembly, plays a role in actinpolymerization-based membrane protrusion, and in the rocketing motility of vesicles and entero-pathogenic organisms (Welch et al., 1997; Machesky, 1999; Merrifield et al., 1999) . The complex enhances F-actin nucleation and side-binding activities to produce a dendritic array of fine actin filaments arising from pre-existing mother filaments (Mullins et al., 1998a; Svitkina and Borisy, 1999) . Despite its detailed biochemical and structural characterization (Mullins et al., 1998a; Volkmann et al., 2002 ) the ARP2/3 complex has not been implicated in cellular morphogenesis in a multicellular eukaryote. The only reported loss-of-function mutant in a higher eukaryote is the ARP3 mutant in Drosophila, where defects in ring canal expansion have been observed (Hudson and Cooley, 2002) . In single celled yeasts, deletion of the genes encoding individual ARP2/3 complex subunits causes lethality or severe growth disruption (Winter et al., 1999) . Our characterization of crooked thus provides the first indication that ARP2/3-complex activity is vital for proper cell morphogenesis in higher organisms.
With specific reference to the ARPC5/CROOKED subunit, reconstitution experiments using individual subunits of the complex have suggested that the small subunits ARPC2 (p35), 4(p20) and 5(p16) may be important for the overall integrity of the complex (Gournier et al., 2001) . A specific deletion of the ARPC5 subunit led to 85 times less nucleation efficiency of the complex in insect cells (Gournier et al., 2001 ). Our observations of impaired fine F-actin organization in crooked and rescue of the mutant phenotype by the human ortholog suggest that the function of this subunit as a nucleation enhancer may have been conserved across the kingdoms. Alternatively, the small ARPC5 subunit may be required for microfilament bundling because loss of its activity results in actin aggregation and reduced long actin-cable formation (e.g. Fig. 2) . Moreover, studies in other organisms have so far not revealed the effects of ARPC5 deletion on the overall actin organization. Though the crooked mutant is clearly not a null allele, the non-essential nature of Arabidopsis trichomes has allowed the isolation of seven more mutants with distorted trichomes (Hülskamp et al., 1994) . Two of these mutants are now known to correspond to ARP2 and ARP3 subunits of the complex and exhibit a similar actin organization as crooked (Mathur et al., 2003) . Taken together, the mutant phenotypes and the conditional requirement of the complex during rapid growth have allowed the first glimpse of what goes wrong with actin organization in living cells when the actin nucleationenhancing capability of the ARP2/3 complex is compromised. ARP2/3 complex mediated actin polymerization may play a role during the vesicle assimilation step The ARP2/3 complex is best known for its role in the rocketing motility of entero-pathogenic organisms and endocytic vesicles (Machesky, 1999; Merrifield et al., 1999) . Specifically, the ARPC5 subunit has been implicated in the motility and distribution of mitochondria in yeast (Boldogh et al., 2001) . Although our present observations do not provide evidence for a direct role of CROOKED in vesicle motility, it may be speculated that after the release of vesicles into the cortical zone, a certain amount of actin-polymerization generated propulsive force may be required for their effective assimilation into the plasma membrane. The crooked mutant may thus be impaired in both vesicle release and assimilation steps.
The molecular identification of CROOKED links different regulators of the actin cytoskeleton together
The molecular identification of CROOKED and subsequent demonstration of its functional conservation are strongly suggestive of the occurrence of the ARP2/3 complex in plants and bring together a number of recent observations indicating that some of the key interactors of the complex may already have been identified in plants. For example, from other organisms, the ARP2/3 complex is known to be a downstream target for Rho-like GTPases (Ridley, 2001) . In plants, although overexpression of a ROP resulted in increased fine F-actin (Fu et al., 2002 ) the identity of the downstream effector was so far J. Mathur and others The positioning of dense actin bundles changes constantly in an elongating root hair (data not shown) though the general distance from the absolute tip remains almost the same. A dense-actin cap at the tip frequently indicates cessation of hair growth and may lead to swelling behind the actin-blocked tip region. Note that the formation of a pointed tip, as in trichomes, requires a dense actin cap, whereas a broad growing tip requires placement of dense actin at the sides in order to funnel vesicles into the tip region.
unclear. Similarly, mutations in the novel maize BRICK1 gene show actin cytoskeleton linked defects including an inability to form epidermal lobes and differentiate stomatal complexes (Frank and Smith, 2002) . A human homolog of BRICK1, the HSPC300 gene, has been shown to interact with the ARP2/3 complex (Eden et al., 2002; Smith, 2003) , whereas two additional BRICK genes are speculated to be ARP2/3 complex activators (Frank et al., 2003) similar to the WASP family activators in animal systems (Higgs and Pollard, 2001 ). The molecular link provided by the cloning of CROOKED suggests that the mechanism for actin modulation involving the ROP and BRK genes, and the ARP2/3 complex may be well conserved between plants and other organisms. The complex is also known to interact with profilins (Mullins et al., 1998b) , actindepolymerizing-factors (ADF/cofilin) (Svitkina and Borisy, 1999) , which along with different F-actin bundling proteins are already known to share the same intracellular domains in expanding plant cells (Jiang et al., 1997; Dong et al., 2001; Vidali et al., 2001; Vantard and Blanchoin, 2002) . Finally, although not addressed here, the crooked mutant provides an enviable tool to understand the interactions between the actin and microtubular components of the cytoskeleton in higher plants, including their apparent cooperative roles in subcellular motility and cell morphogenesis.
Conclusions
The following generalizations on cell-shape development have emerged from the cell-biological/molecular characterization of CROOKED: (1) fine F-actin, generated through the mediation of the ARP2/3 complex (where the ARPC5/CROOKED subunit plays an important role in maintaining the complexnucleating capability), is required for cell expansion to occur; (2) a localized increase in the presence of organelles and vesicles at a spot does not necessarily translate into localized expansion, rather expansion can proceed only when vesicles carrying cell-building material can be released and assimilated; and (3) the spatiotemporal regulation of F-actin density within a cell can create a loose sieve to allow vesicle release or a dense barrier to trap vesicles and thus determine where and when vesicles will be released for effective local expansion; The cumulative result from these phenomenon can account for the diverse cell shapes observed in plants (Fig. 6) .
